Superdense core plasmas with a highly peaked electron density profile have been obtained in reduced recycling discharges in the Large Helical Device ͓O. Motojima et al., Phys. Plasmas 6, 1843 ͑1999͔͒. The polarization separation spectroscopy technique has been applied to characterize H␣ emissions in the peripheral region of superdense core plasmas. Fitting positions of the high intensity H␣ line are located just outside of the last closed flux surface in the local island divertor configuration. In the helical divertor configuration, high intensity emissions are observed around the inner and outer X points and along the divertor legs. In both configurations the hydrogen atoms have an inward velocity along the lines of sight. © 2010 American Institute of Physics. ͓doi:10.1063/1.3484223͔
drogen recycling from the peripheral plasma is one of the key issues to control fueling into and pumping from magnetic confined plasmas. The interplay between core plasma and the edge, scrape-off layer, and divertor plasmas is well known. 10 Two divertor configurations 11 are employed in the Large Helical Device ͑LHD͒. 12 The helical divertor ͑HD͒ is an intrinsic helical double-null divertor. The local island divertor ͑LID͒ ͑Ref. 13͒ is a variant of the island divertor which utilizes an externally induced m / n =1/ 1 island located in the edge region, where m and n are poloidal and toroidal mode numbers, respectively. Superdense core ͑SDC͒ mode [14] [15] [16] [17] has been discovered in LHD plasmas requiring central fueling via repetitive pellet injection. 18 The central density of n e ϳ 5 ϫ 10 20 m −3 is maintained through the formation of an internal diffusion barrier ͑IDB͒ with an extremely high-density gradient. Initially, the IDB-SDC mode was discovered in the LID configuration. Coupled with a relatively high electron temperature, the IDB-SDC modes exhibit the highest degree of performance ͑n 0 T 0 E = 4.4ϫ 10 19 m −3 keV s͒ obtained so far in the LHD.
14 It was found that the IDB-SDC mode also may be obtained in the open HD configuration, provided that the wall pumping works effectively. 19 During IDB-SDC discharges, a large magnetic axis shift, the Shafranov shift, is observed due to the high plasma pressure in the core region. In LHD plasmas, the spectral profiles of He I were observed with a high resolution spectrometer. 20 Through Zeeman splitting of the spectra, the locations of He I emission have been identified clearly on a map of the poloidal cross section to be just outside the region of the ergodic layer where the magnetic field line structure is chaotic ͑see Fig. 1 of Ref. 20͒. The plasma polarization spectroscopy technique 21 is applied to identify the locations of H␣ emission, hydrogen atomic temperature, and the line of sight ͑LOS͒ component of atomic velocity for an equatorial LOS. The polarization separated spectral profiles are interpreted as superpositions of Zeeman profiles for different magnetic field strengths ͑see Refs. 22 and 23 and references therein͒.
LHD is a superconducting heliotron device of which the poloidal/toroidal period numbers are 2/10, and the major and averaged minor radii are from R = 3.5 m to 4.1 m and a = 0.64 m, respectively. The maximum toroidal magnetic field is B t Յ 3 T. The plasma volume is V p =30 m 3 , and it is characterized by the presence of an edge stochastic magnetic field surrounding the core plasma, an "ergodic layer." In this experiment, the magnetic axis position R ax and the toroidal magnetic field strength B t were set at 3.75 m and Ϫ2.64 T, respectively. Negative B t means that the magnetic field direction is counterclockwise viewed from the top.
The LID head consists of neutralizer plates and a pumping duct ͑see Fig. 1 of Ref. 15͒. The LID head is inserted into the island ͑about 0.2 m͒ in a horizontally elongated cross section where the island is the widest. Charged particles diffusing out from the core region cross the island separatrix and flow along the periphery of the island. After several toroidal turns, the particles reach the outer separatrix of the island where the LID head is located, and strike its backside, through which the particles are neutralized. The last closed flux surface ͑LCFS͒ is determined by the inner separatrix of the island. Plasma-surface interaction occurs ideally only at the LID head. The LID head configuration and the pumping system enable high pumping efficiency and impurity control. In discharges with the LID configuration, reductions in the a͒ Present address: Fusion Research and Development Directorate, Japan Atomic Energy Agency, Naka, Ibaraki 311-0193. Electronic mail: iwamae.atsushi@jaea.go.jp. particle flux and in the heat load to the HD plates as measured by Langmuir probes and thermocouples have been observed.
We observed LHD plasmas sustained mainly by the three neutral beam injections ͑NBIs͒. Repetitive pellet injectors were utilized to achieve central fueling. The time evolution of the plasma parameters in a typical multiple-pellet fuel injection discharge with the LID configuration is shown ͑see We measured for each shot the polarization separated H␣ line profiles for the LID and the HD configurations with NBI heating. Emissions from the hydrogen in the LHD plasma were observed from one of the spectroscopy ports ͑see Fig. 3 of Ref. 22͒. We have ten lines of sight each of which equipped with polarization separation optics to cover the poloidal cross section of the plasma. Table I shows the height Z and the polarization direction angle ␣ of each LOS. The definition of the magnetic field vector ͉͑B͉ , , ͒ and the polarization components running parallel to the direction of ␣ and perpendicular to ␣ − 90°are presented ͑see Fig. 7 of Ref. 22͒. The exposure time and the repetition rate were 81 ms and 10 Hz, respectively. The ten LOSs cover the poloidal cross section of the plasma. The cross section of the plasma is elongated in the major radius direction. The magnetic field B has been determined accurately by the external coil currents. The magnetic field strength B is saddle shaped and highest near the helical coil ͑see Fig. 1 H␣ line emissions were resolved into two orthogonally polarized components using the polarization separation optical system. We adopted beam splitting Glan-Thompson polarizers except for LOS 6. For LOS 6 we used Glan-Taylor polarizers as shown in Ref. 22 . Each of the linearly polarized extraordinary e-rays and ordinary o-rays was focused by a lens onto the input of an optical fiber with a 400 m core diameter. Each fiber was connected to an optical fiber cable a few hundred meters in length to transmit the light to the diagnostics room. The transmitted light was dispersed by an aberration-corrected Czerny-Turner spectrometer ͑f = 1.33 m͒ equipped with a 1800 grooves/mm grating and recorded with a charge-coupled device ͑1024ϫ 1024 of 13 m 2 pixels͒. The liner dispersion of the spectrometer was 0.00405 nm/pixel ͑0.311 nm/mm͒ at 656.28 nm in the first order. Nonidentifiable emission lines were found in the observed wavelength regions of the second and third orders. As a wavelength reference we used a Th-Ar hallow cathode lamp. 24 Until the ninth experimental cycle, the inner wall of the vacuum vessel was covered with stainless steel tiles. Some reflective effects upon the observed spectral profiles may arise especially for the upper and lower LOS. For the middle LOS around the equatorial plane, the reflection effect is expected to be negligible. Figure 1 depicts the examples of the observed spectra from LOS 5 for plasmas with either a LID or a HD configuration. The exposure time for the LID configuration and the HD configuration was from 1.123 to 1.204 s and from 1.424 to 1.505 s, respectively, just after each had attained a maximum of plasma stored energy for its respective LID or HD discharge. The observed mutually orthogonal polarization components are plotted with open and filled circles in the upper and lower panels, respectively. In the upper panels, the peaks shift to a longer wavelength. On the other hand, in the lower panels the peaks shift to a shorter wavelength. Concerning the magnetic field direction in the inner and outer regions, these shifts indicate that the -light from the outer region is dominant in the upper panels and that the -light from the inner region is dominant in the lower panels. We assume that there are two emission locations for each LOS. The locations R in and R out are adjustable parameters for the fit related to magnetic configuration. The H␣ line consists of 48 allowed and 6⌬J-forbidden fine structure components ͑18 and 30 allowed, 2 and 4⌬J forbidden͒. The corresponding line strengths and line shifts of the fine structure Zeeman components are taken into account in the fitting procedure. The fitted results are plotted with bars beneath the observed spectra. Two temperature components, cold and warm, are assumed at each location. The hot component originating from the charge exchange process cannot be resolved since it has a broad profile compared to the Zeeman splits. The fitted spectra are plotted in black solid curves. The -and -light of the cold and warm temperature components are plotted in red and blue, respectively. Contributions from the inner and outer emission regions are plotted in solid and dashed curves, respectively. The hot charge exchange spectra are plotted in solid orange.
The above fitting procedure is applied to each of ten LOSs. The determined two emission locations, inner and outer points, are plotted for each LOS. Figure 2 shows the results of the fitting. The area of the red circles is proportional to the emission intensity of the cold and warm components. The blue arrows show the velocity of the emitting atoms along the LOS. Concentric ovals indicate the normalized radius . The LCFS ͑ = 1.0͒ is plotted in red. In the LID discharge, the H␣ intensity is about one-fourth of that for the HD discharge, and the emission is located just outside of the LCFS. In the HD discharge the emission intensities around the inner X point are rather high and the emissions seem to be located in proximity to the divertor legs. Velocity components along the LOS range from 0.11 to 7.45 km/s for the LID configuration and from 0.01 to 7.53 km/s for the HD configuration. In the HD configuration the atoms around the inner X point move a little. On the other hand, the atoms around the outer X point have a higher velocity along the LOS.
In gas-puff fueled discharge, the density profile is flat and a peaked density profile has not been observed. The LID is capable of pumping out the plasmas in the edge region. It is considered that core fueling with pellet injection and edge particle pumping are key factors to produce the SDC mode.
In the HD discharge after a series of the LID discharges, the SDC mode is observed. It is considered that for low particle load to the first wall and helical divertor plates in the series of LID discharges, wall pumping may be still active in HD-SDC discharge. On the other hand, the observed high H␣ light emission at the plasma edge suggests high particle recycling in the HD configuration. Further experimental researches and simulations based on the three-dimensional fluid edge transport code and the kinetic neutral particle transport code are needed to understand quantitative particle confinement in the edge plasma.
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